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A study was performed to develop an understanding of the key factors that govern the performance of metallic thermal protection systems for reusable launch vehicles.
A current advanced metallic thermal protection system (TPS) concept was systematically analyzed to discover the most important factors governing the thermal performance of metallic TPS. A large number of relevant factors that influence the thermal analysis and thermal performance of metallic TPS were identified and quantified. Detailed finite element models were developed for predicting the thermal performance of design variations of the advanced metallic TPS concept mounted on a simple, unstiffened structure. The computational models were also used, in an automated iterative procedure, for sizing the metallic TPS to maintain the structure below a specified temperature limit. A statistical sensitivity analysis method, based on orthogonal matrix techniques used in robust design, was used to quantify and rank the relative importance of the various modeling and design factors considered in this study. Results of the study indicate that radiation, even in small gaps between panels, can reduce significantly the thermal performance of metallic TPS, so that gaps should be eliminated by design if possible. Thermal performance was also shown to be sensitive to several analytical assumptions that should be chosen carefully. One of the factors that was found to have the greatest effect on thermal performance is the heat capacity of the underlying structure. Therefore the structure and TPS should be designed concurrently.
_________________ Introduction
Metallic thermal protection systems 1, 2 are a key technology that may help achieve the goal of reducing the cost of space access. The primary function of the thermal protection system (TPS) is to regulate the heat flow to and from the vehicle to maintain the underlying structure within acceptable temperature limits. Its thermal performance is therefore of critical concern. Commercial general-purpose computer codes can be used to calculate the thermal performance of a particular design configuration by predicting the temperature distribution in the structure and the TPS. However, there is little information available to indicate how to improve the performance of a TPS design. To understand what affects the thermal performance of metallic TPS it is important to analyze a configuration that is specific enough to provide meaningful results, but generic enough to provide a general understanding of TPS thermal performance.
Thermal analysis of metallic TPS involves modeling complex heat transfer mechanisms in a severe transient thermal environment. Pressures vary by more than five orders of magnitude and temperatures can vary from below room temperature to more than 2000ºF. Conduction, radiation and convection all play important roles in the thermal performance of metallic TPS. Material properties may vary with both temperature and pressure. Many simplifying assumptions are typically made to develop a practical thermal model. Typically, simplified, one-dimensional models 3 are used to predict the thermal performance of a TPS and to size the required insulation thickness to maintain the vehicle structure within acceptable temperature limits. Guidelines are needed to determine what can be neglected and what must be included in the thermal models to obtain accurate results.
There are many design options that have the potential to improve the thermal performance of metallic TPS. An obvious way to improve the thermal performance of metallic TPS is to develop more efficient non-load-bearing insulation. Mass-efficient multilayer insulations are being characterized and optimized for use in metallic TPS. 4 However, there are heat shorts in the gaps between panels and at the mechanical attachments. Better insulations may be 1 American Institute of Aeronautics and Astronautics ineffective if edge heat shorts are dominating the thermal performance of the TPS. Coatings may be used on various internal and external surfaces to improve thermal performance by controlling surface emittances and catalytic efficiencies. Under some conditions it may be more mass efficient to use additional thermal mass rather than additional insulation to maintain acceptable structural temperatures. Guidelines need to be developed to identify the most attractive design approaches and the range of conditions for which each is most effective.
A study was performed to develop an understanding of the key factors that govern the performance of metallic thermal protection systems for reusable launch vehicles. A current advanced metallic TPS concept, Adaptable, Robust, Metallic, Operable, Reusable (ARMOR) 5 TPS, was systematically analyzed to discover the most important factors governing the thermal performance of metallic TPS. A large number of relevant factors that influence the thermal analysis and thermal performance of metallic TPS were identified and quantified. Detailed finite element computational models were developed for predicting the thermal performance of variations of the advanced metallic TPS concept mounted on a simple, unstiffened structure. The computational models were also used, in an automated iterative procedure, for sizing the metallic TPS to maintain the structure below a specified temperature limit. A statistical sensitivity analysis method, based on orthogonal matrix techniques used in robust design, was used to quantify and rank the relative importance of the various modeling and design factors considered in this study.
TPS Concept and Loading

Metallic TPS Concept
For the current study a specific metallic TPS concept and a specific, realistic atmospheric entry trajectory were selected as a baseline and various assumptions and parameters were systematically varied about the baseline. Figure 1 shows a sketch of an ARMOR panel. The outer surface of the panel is comprised of a foil gage, Inconel 617 metallic honeycomb sandwich panel that is exposed to ascent and reentry heating as well as aerodynamic and acoustic pressures. A thin-gage titanium box beam frame defines the edges of the panel's inner surface. The outer honeycomb sandwich panel is structurally connected to the inner box beam by a thin Inconel 718 metal bracket at each corner of the panel. The brackets are arranged tangent to a circle about the center of the panel so that they can accommodate the thermal expansion mismatch between the hot Inconel outer surface and the cooler inner titanium frame by flexing. With this arrangement each bracket has little bending stiffness to constrain radial thermal expansion differences between the hot outer surface and cooler inner surface, yet can react drag forces and pressure loads. Each bracket is beaded to prevent buckling when loaded in compression. Mechanical fasteners connect the corners of the box beam to the substructure. A compliant, bellows-type tube provides access from the outer surface to the inner mechanical fastener. Each fastener access tube is closed off at the outer surface by a snap-in cover. Bulged, compliant sides, made of thin gauge metal foil, enclose the sides of the TPS panel and block the radiative heat transfer path in the panel-topanel gaps. A thin gauge metal foil closes out the bottom of the TPS panel. A vent, covered by fine mesh, in the metal foil backing allows the TPS internal pressure to be maintained at local atmospheric pressure, but prevents water from entering the panel interior. The interior of the panel is filled with low-density fibrous insulation. On two edges of the panel, the exterior facesheet of the honeycomb panel extends to overlap the panel-to-panel gap and inhibit ingress of hot gases during reentry. 
Aerothermal Environment and Trajectory
Thermal loads 1 for a lifting body, single-stage-toorbit (SSTO) reusable launch vehicle (RLV) were used for the current study. Figure 2 shows the predicted temperature distribution on the windward surface of an RLV at peak heating. 2 The solid circle indicates the location for the heating rates used in the following analyses. This location has higher heating than most of the lower surface of the vehicle.
The radiation equilibrium temperature and the local surface pressure as a function of time during atmospheric entry for the point indicated in Figure 2 are shown in Figure 3 . The maximum radiation equilibrium temperature is well below the 1800-1900ºF range where 2 American Institute of Aeronautics and Astronautics the superalloy honeycomb and X-33 metallic TPS 6 concepts have been tested. The heating profile is characteristic of the longer, cooler trajectory flown by a large, low density, SSTO RLV. In contrast, the Shuttle Orbiter, which discards its main propellant tanks during launch, is a smaller, denser vehicle that flies a quicker, hotter entry trajectory.
Analytical Method Finite Element Modeling
Computational thermal models of metallic TPS panels were developed using the built-in programming language in EAL, 7-8 a general-purpose finite element analysis program, to generate parametric representations for convenient analysis. Variables were defined to control the panel dimensions, element meshing, and some material properties.
One of the challenges for the current study was to develop a model that represented the heat transfer through a metallic TPS panel accurately, but was efficient enough computationally to be used for TPS sizing and parametric studies. Aerodynamic heating is usually assumed constant over the surface of a single TPS panel, so a complicated model is not required for the heating boundary condition. Significant heat transfer is expected in the panel-to-panel gap, so at least a two dimensional model is required. The only compelling reason for considering a three-dimensional model would be to more accurately model temperatures around the area where the fastener attaches the TPS panel to the structure.
Modeling this localized temperature distribution is only important for structural materials with such low thermal diffusivity that the maximum structural temperature occurs at this heat short location.
Location for heat loads used in current study For the current study, a thermal model of a metallic TPS panel and a uniform thickness substructure was developed that is a hybrid between a two-dimensional and an axisymmetric model. Element thicknesses were varied so that the two-dimensional model simulated axisymmetric conduction in the interior of the panel as shown in Figure 4 . This model captured the effect of the perimeter heat shorts on the temperatures in the interior of the panel and the underlying structure. For the boundary between panels, the two-dimensional symmetry condition was used. This provided a good representation of radiation and conduction heat transfer in the gap away from the panel corners. Elements representing the sides of the panel, the support bracket, and the mechanical fastener were sized to provide the correct heat shorts per unit area for a square panel. In this way a computationally efficient 2-D model was used to simulate the behavior of a 3-D TPS panel. The most significant simplification in this model is that the heat shorts due to the fastener, support bracket and fastener access tube are smeared around the perimeter of the TPS panel rather than located at discrete points, as they would be in a three-dimensional model. Two-dimensional conduction elements were used to model the aluminum structure, felt gasket, fibrous insulation, honeycomb core and air in the gaps. One-3 American Institute of Aeronautics and Astronautics dimensional conduction elements were used to model the honeycomb facesheets, inner titanium foil, panel sides, support bracket, and fastener. One-dimensional radiation elements were used on the lower surface of the TPS panel and the upper surface of the structure to model the radiation across the gap under the panel. Because the gap was narrow (0.135 in.) and the heat transfer was primarily across the gap, calculations were simplified by assuming that each radiation element exchanged radiation only with the element directly across the gap. One-dimensional radiation elements were also used around the perimeter of the panel-topanel gap. The primary direction of heat transfer is down the panel-to-panel gap, so radiation exchange between all the gap elements was modeled. A separate computer program was written to calculate the view factors using the crossed string method 9 that accounted for the symmetry of the gap.
A similar model of an older superalloy honeycomb TPS panel design was developed to validate the present computational approach by comparing predicted results with published test data. 10 Temperature histories predicted using this model matched the measured temperature histories very well.
1 Therefore this finite element modeling approach was shown to be adequate for the current study.
Statistical Sensitivity Analysis
One of the objectives of this study is to identify the key design drivers for the thermal performance of metallic TPS. The effects of a large number of parameters or factors needed to be quantified and compared. An efficient method was needed to assess the relative importance of many factors. The conventional approach would be to investigate one factor at a time, with the remaining factors held constant. This method is acceptable for a few variables that do not change much from their baseline values. Moreover, this "one-factor-at-a-time" method assumes that the effect of each variable is independent of variations of the other variables.
A factorial design approach can be used in which a few discrete values are chosen for each factor and all possible combinations are evaluated. However, the number of analyses required can quickly become unmanageable.
The method selected for this study borrows techniques commonly used in robust design 11, 12 and follows an approach that has been used for inverse heat transfer problems. 13 Factors (independent variables) are varied simultaneously in a matrix of experiments (or analyses) defined by orthogonal arrays. The effects of a large number of factors, evaluated over the range of interest, can be determined efficiently using this method. The method used in this study follows closely the procedures presented in a chapter entitled "Matrix Experiments Using Orthogonal Arrays" in Reference 11 as well as similar procedures in Reference 13. The method is referred to as statistical sensitivity analysis in Reference 13, so that terminology is used here also.
The first step in statistical sensitivity analysis is to identify the factors of interest. Care must be taken to select a meaningful and reasonable range of variation for each factor. The range of variation can affect how much each factor influences the results. The selection of the factors and their ranges usually depends on engineering experience and judgment, but a good selection is essential to formulate the problem properly for meaningful results. Several levels, usually 2 to 4, are selected to cover the range of each factor. The next step in statistical sensitivity analysis is to determine what experiments or analyses need to be performed to determine the effects of the selected factors on the performance of the system. Orthogonal arrays are used to define the number of analyses to be performed and the combination of factor levels for each analysis. A limited number of standard orthogonal arrays 12 are available to accommodate specific numbers of factors with various levels per factor. In the orthogonal array there is a column for each factor, and each row is a particular combination of levels for each factor.
The columns of the array are mutually orthogonal; that is, for any pair of columns, all combinations of factor levels occur, and they occur an equal number of times.
11
The smallest standard orthogonal array is chosen to accommodate the number of factors and factor levels. Any extra columns in the orthogonal array can either be ignored or in some cases used to estimate the effects of interactions between factors.
An experiment, or in this case an analysis, is performed for every row in the orthogonal matrix with the combination of factor levels defined in that row. Interpretation of the results is straightforward. The result or results for each analysis are tabulated and the overall means for all analyses are calculated.
The means for each level of every factor are also calculated. Each column of the orthogonal matrix contains an equal number of experiments at each level of the factor associated with that column. The results associated with each level of that factor are averaged to obtain the associated means. The effect of a factor level is defined as the deviation it causes from the overall mean. Therefore, the effect of each factor level can be obtained by subtracting the overall mean from the mean associated with the particular level of that factor. This 4 American Institute of Aeronautics and Astronautics process of estimating the factor effects is sometimes called analysis of means (ANOM).
Using ANOM the effect of each factor, called the main effects, can be determined independently. However, using this procedure it is not possible to distinguish any factor interactions from the main effects.
This means that a simple additive or superposition model is assumed for the response η:
η  = overall mean + (factor effect) + error (1) ∑ factors where error is the error of the additive approximation. Thus the response for any combination of factor levels can be estimated using Equation 1 . In a typical design of experiments analysis this error term would also include a contribution associated with the error in repeatability of measuring the response, η, for a given experiment. However, for the current application the response is obtained from a finite element analysis so error associated with measurement repeatability does not exist.
The results of ANOM can provide considerable insight into the effect of the various factors; however, an analysis of variance (ANOVA) can give a more accurate indication of the relative importance of the factors and provides a means of ranking the factors in order of importance. ANOVA can be used to determine the contribution of each factor to total variation from the overall mean value. The sum of squares of the differences from the mean for all the levels of a particular factor (SS in Tables 4, 8 and 9 ) provides a measure of how much that factor affects the result over the specified range. The percentage that this sum of squares value contributes to the total for all factors (% Total SS in Tables 4, 8 and 9) gives a measure of the relative importance of that particular factor.
As part of the ANOVA, the error associated with the additive assumption expressed by Equation 1 can be estimated. Two different techniques are used in the current study for this error estimation. The method used for the error estimate depends on the number of factors and factor levels and the orthogonal matrix used in the statistical sensitivity analysis.
The sum of squares due to error 11 can be calculated using the following relationship:
Sum of squares due to error = (grand total sum of squares) -(sum of squares due to mean) (2) -(sum of squares due to factors) where the grand total sum of squares is the sum of the squares of all values for a particular result, the sum of squares due to the mean is the overall mean squared times the number of analyses (or number of rows in the orthogonal matrix), and the sum of squares due to factors is the sum of squares of all the factor effects. There are degrees of freedom associated with each of the quantities in Equation 2. The degrees of freedom for the grand total sum of squares are the number of rows in the orthogonal matrix. There is one degree of freedom associated with the mean. Each factor has one less degree of freedom than the number of levels for that factor (dof in Tables 4, 8 and 9) . Therefore the degrees of freedom for the error can be calculated as follows:
(degrees of freedom for error) = (number of rows in orthogonal matrix -1) (3) -(sum of degrees of freedom for all factors)
The degrees of freedom for the error must be greater than zero for Equation 2 to be useful.
If there are zero degrees of freedom available for calculating error, a different method must be used to estimate the additive error. An approximate estimate of the sum of the squares due to error can be obtained by pooling the sum of squares corresponding to the factors having the lowest mean square. A rule of thumb 11 is to use the sum of squares corresponding to the bottom half of the factors (as defined by lower mean square) and the degrees of freedom corresponding to those factors. Pooled error estimates are used for the results shown in this paper.
Once the sum of square due to error and the degrees of freedom for error have been calculated, the error variance can be estimated as follows:
Error variance = (sum of squares due to error)/ (degrees of freedom for error)
The variance ratio, F, is a measure of how important the effects of a factor are compared to the error. F = (mean square due to a factor)/(error variance) (5) The mean square due to a factor (Mean SS in Tables 4, 8 and 9) is the sum of squares of the differences from the mean for a factor (SS) divided by the degrees of freedom associated with that factor (dof).
Sizing TPS for Thermal Loads
When assessing the thermal performance of a TPS, two critical parameters emerge: the mass and the thickness of the TPS required to maintain the temperature of the underlying structure within acceptable limits. Mass is important because the TPS 5 American Institute of Aeronautics and Astronautics covers almost the entire external surface of a large, mass critical RLV. The importance of TPS thickness is more difficult to determine numerically, but it affects the overall packaging efficiency of the vehicle. A thinner TPS can mean a smaller, more efficient vehicle. There is a trade-off between TPS thickness and mass that will vary for different TPS concepts, vehicles and location on the vehicle. Therefore, the effect of parameters on both the mass and thickness of the improved metallic TPS is important.
To calculate the mass and thickness a method for sizing the TPS insulation thickness required to limit the substructure to a specified temperature was necessary. This task was greatly simplified by assuming that radiation in the panel-to-panel gap was eliminated by the bulged, compliant sides of the ARMOR TPS design. Eliminating gap radiation avoided the need to recalculate view factors for different insulation thicknesses.
The finite element thermal model of the ARMOR TPS was modified to size the TPS insulation thickness. The model was modularized so that only parts of the model that varied with panel dimensions were updated during the sizing process. An initial value was chosen for the insulation thickness, the initial temperature (T init ) and a temperature limit (T lim ) was specified for the structural temperature.
After the initial thermal analysis, the recorded temperature history for every structural node was searched to find the maximum structural temperature (T max ), the time the maximum temperature occurred and the node at which it occurred. The maximum structural temperature was compared to the specified limit temperature using the following convergence criteria:
If the maximum structural temperature did not meet the convergence criteria the insulation was resized using the following simple equation:
where t is the insulation thickness, and i refers to the iteration number. Once a new insulation thickness was calculated, the nodes and elements of the finite element model were regenerated for the new geometry and another thermal analysis was performed. This simple algorithm usually converged within 3 to 5 iterations, depending on how close the initial thickness estimate was to the final thickness.
This simple sizing algorithm works well because it is based on the physics of the problem. The difference between the limit temperature and the initial temperature is roughly proportional to the amount of heat that can be allowed through the TPS and absorbed by the structure. The amount of heat allowed through the insulation is inversely proportional to the insulation thickness.
If the maximum structural temperature was found to occur on the final time step of the analysis, the length of time for the transient analysis was increased. The sizing analysis was repeated until the maximum structural temperature was found to occur before the final time step of the analysis.
The location of the maximum structural temperature provides an important clue to the interaction between the TPS and the structure. Heat shorts due to metal conduction or radiation at the perimeter of the TPS panel allow heat to reach the structure well before the primary heat pulse diffusing through the insulation in the panel interior. If the structural material has a high thermal diffusivity, the heat from the heat shorts at the panel perimeter is rapidly spread though the entire structure. However, if the structural material has a low thermal diffusivity, the temperature in the structure under the panel perimeter may rise well above the temperature in the rest of the structure. If the structural temperature at the panel perimeter exceeds maximum structural temperature under the center of the TPS panel resulting from the heat diffusing through the insulation, the heat shorts will size the TPS panel. If the heat shorts size the TPS panel, the structure away from the TPS panel perimeter will not reach its limiting temperature and the structure will not use its full heat capacity, resulting in a thicker, heavier TPS. Maximum structural temperatures under the perimeter of the TPS panel indicated that heat shorts might have influenced the sizing. Maximum structural temperatures occurring under the center of the panel indicated the sizing was dominated by diffusion of heat through the insulation package, and there was little influence of the perimeter heat shorts.
This sizing algorithm (7) worked very well and was used to determine the insulation thickness in the statistical sensitivity analyses. Once the insulation thickness was determined, the associated TPS mass was calculated in a spreadsheet using the mass properties from Reference 1.
Results
Results of the study provided a number of insights into the thermal modeling requirements for metallic 6 American Institute of Aeronautics and Astronautics TPS. The importance of radiation in the gaps between panels was quantified. The importance of a number of thermal modeling assumptions was investigated. The sensitivity of a number of design factors on the thermal performance of metallic TPS was calculated. These results were used to develop guidelines for future designs and thermal analyses of metallic TPS.
Results from this study identify factors that have the most potential to improve metallic TPS performance. The thermal properties of the underlying vehicle structure were found to have a major impact on the thickness and mass of metallic TPS required to protect the structure, leading to the conclusion that the structure and TPS should be designed concurrently. Improved insulation properties were also shown to reduce the required thickness and mass of TPS. These results provide a basis for guiding the direction of future research in metallic TPS.
Radiation in gaps between panels
One of the key thermal performance issues that was identified and quantified was the radiation in the gaps between panels. For a specific size ARMOR TPS panel (18 inch by 18 inch by 3.57-inch-thick), the substructure temperature was calculated for a range of gap widths and emittances. Figure 5 shows the ratio of structural temperature increase with and without the gap between panels. This ratio is nearly proportional to the amount of heat allowed through the TPS. From the results shown in Figure 5 , two main conclusions are apparent: 1) small gaps can produce large increases in the heat reaching the structure, and 2) reducing the emittance of the gap is not an effective solution for limiting gap radiation. Therefore, the best solution is to design TPS concepts that eliminate the panel-to-panel gap.
Effect of Several Modeling Issues on TPS Sizing
A number of boundary conditions and initial conditions must be defined to size the insulation required in a TPS panel. Often these conditions may not be well known and the analyst must make some assumptions to proceed with the analysis. The sensitivity of the TPS sizing to these assumptions is not usually understood. If the TPS mass or thickness is sensitive to one of these assumptions it may be more productive to spend effort better understanding and defining the assumption rather than refining the TPS design.
A statistical sensitivity analysis was performed to investigate four modeling issues: 1) the method of representing the aerodynamic heating in the finite element model, 2) the initial temperature of the TPS panel and structure before atmospheric entry, 3) the ambient conditions after landing, and 4) heat loss from the inner surface of the structure. Three levels were chosen for each factor associated with these modeling issues. Nine TPS sizing analyses, defined by a standard L 9 orthogonal array, were run. The factors and selected levels are summarized in Table 1 . There are a number of different methods for applying aerodynamic heating to a thermal finite element model. Radiation equilibrium conditions were assumed at the vehicle surface (the outer surface of the TPS) for almost all aerodynamic heating calculations. The heating rates are calculated for a specified surface emittance and in some cases a catalytic efficiency. The heating predictions can be given in the form of radiation equilibrium temperatures, radiation equilibrium heating rates or convective heating terms, as discussed in Reference 1. An additional method of applying aerodynamic heating is to use heating rates
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American Institute of Aeronautics and Astronautics predicted for several constant wall temperatures and to interpolate between those values to obtain the heating rate for the calculated surface temperature during the thermal analysis. This method was not considered in the current study because the corresponding fixed wall temperature heating rates were not available.
The three methods of applying aerodynamic heating to the finite element model chosen for this study are: (1) applying the radiation equilibrium temperature as a transient temperature boundary condition to the outer surface of the TPS panel, (2) applying the radiation equilibrium heating rate as a transient heat flux boundary condition to the outer surface of the TPS panel, and (3) using a transient convective boundary condition with the heat transfer coefficients and recovery temperatures. All three methods use heating profiles calculated for a surface emittance of 0.86. Applying the radiation equilibrium temperature is the least accurate and flexible of the three approaches. The actual surface temperature will be lower than the radiation equilibrium temperature, because some of the heat diffuses into the TPS panel. Therefore this approach tends to be conservative, forcing more heat into the TPS panel. Specifying the surface temperature takes surface radiation out of the problem and precludes modeling the effect of changing surface emittance.
Applying the radiation equilibrium heating rate is slightly non-conservative because it allows the surface temperature to drop below the radiation equilibrium heating temperature but does not increase the heating rate because of that lowered temperature. Changing the surface emittance in the thermal model will produce changes in the surface temperature, but the surface heating will not change accordingly.
Applying the convective heating boundary condition is the most accurate and flexible of the three methods. This method not only allows the surface temperature to drop below the radiation equilibrium temperature, it also increases the heating rate to the surface for the reduced surface temperature. If the surface emittance in the thermal model is changed, the surface heating is adjusted for the resulting change in surface temperature. This method provides the best estimate for the effect of varying surface emittance on TPS thermal performance. Of course, a more accurate approach would be to recalculate the aerodynamic heating for each surface emittance of interest.
An initial temperature distribution must be specified for the finite element model before the analysis can be started. The actual temperature in a TPS panel mounted on a vehicle will depend on the vehicle configuration and its history prior to atmospheric entry. The temperature used in TPS sizing calculations also depends on the vehicle design criteria and philosophy.
The initial temperature used for TPS design may be determined by a mission abort scenario or perhaps by some nominal mission. The vehicle designer may choose the design initial temperature without understanding its impact on the resulting TPS weights and thicknesses and the impact on vehicle performance. Initial temperatures of 0ºF, 60ºF and 120ºF were chosen for this study. These values bracket the 50ºF to 60ºF initial temperatures used in recent RLV studies.
In some cases the structural temperature of an RLV may not reach its maximum value until well after landing. The ambient conditions will affect the rate of heat loss from the vehicle and thus may affect the amount of TPS required. Three ambient conditions (Table 1) were chosen for the current study: 1) 0ºF temperature with a 30 mph wind, 2) 60ºF temperature with a 10 mph wind, and 3) 120ºF temperature with no wind. The conditions are intended to bracket the likely landing conditions for an RLV. For forced convection, assuming a 30 ft-long flat plate (a rough approximation of the lower surface of an RLV) and transition to turbulence at a local Reynolds number of 5x10 5 , the following equation 14 was used to calculate the convection coefficient. For the still air case, the following equation 14 was used to calculate the natural convection coefficient:
where Ra is the Rayleigh number.
For TPS sizing calculations analysts commonly assume that the vehicle structure under the TPS loses no heat from its inner surface. This is a simple, usually conservative, assumption that allows the TPS to be sized without considering the complicated interior of the vehicle below the outer skin. In a real vehicle the structural skin is connected to reinforcing structure such as ribs, spars, rings or stiffeners. The skin may lose heat to the cooler vehicle interior through conduction, convection, and radiation. These heat loss modes are difficult to calculate and may be specific to a particular location on a vehicle. In a detailed thermal analysis 15 8 American Institute of Aeronautics and Astronautics of several wing sections and a fuselage section of the Space Shuttle Orbiter both internal radiation and internal convection were found to have a significant effect on the structural temperatures.
Three simple cases were chosen for this study to evaluate the sensitivity of TPS sizing to heat loss: 1) no heat loss, 2) radiation to the initial temperature with an emittance of 0.5, and 3) radiation to the initial temperature with an emittance of 1.0. Because the actual heat loss mechanisms in a vehicle are specific to the vehicle configuration and location on the vehicle, a simple radiation heat loss mode was chosen for this study. Solid conduction to internal structural members and convection in internal cavities of the vehicle are neglected. However, the structural skin is assumed to radiate to the vehicle interior, which is assumed to remain at the initial temperature throughout the analysis. The interior of the vehicle will heat-up somewhat during entry, so this simple assumption will tend to over-predict the heat loss due to radiationpossibly compensating somewhat for ignoring the other heat loss mechanisms. The radiation heat loss cases will give an indication of how sensitive TPS sizing is to the commonly used assumption of no structural heat loss.
The L 9 standard orthogonal array will exactly accommodate the four factors with 3 levels each defined in Table 1 . The nine computational cases required to do a statistical sensitivity analysis are defined by the orthogonal array in Table 2 . The results of the nine analyses defined by Table 2 are presented in Table 3 . Three columns of results are shown: TPS thickness, TPS mass, and the time when the maximum structural temperature occurred. The TPS thickness was obtained by adding the thickness of the honeycomb sandwich (0.25 in.), the thickness of the felt under the TPS panel (0.15 in.), and the insulation thickness calculated by the TPS sizing analysis. The TPS mass per unit area is obtained from the insulation thickness and density and the mass properties for the improved metallic TPS concept listed in Reference 1. The times corresponding to the maximum structural temperature were recorded during the TPS sizing analysis. There is one surprising result in Table 3 . Vehicle touchdown occurs at about 2600s as shown in Figure 3 . For six of the nine analyses, the maximum structural temperature occurs before touchdown. For these six analyses, the ambient conditions at landing can have no effect on the maximum structural temperature. The three analyses for which the maximum structural temperature occurred after landing corresponded to the assumption of no structural heat loss.
Further insight into the significance of these results can be gained by performing an ANOM and an ANOVA for both TPS thicknesses and masses. Because the TPS mass and thickness are linearly related, only the results for TPS mass are shown in Table 4 . For this statistical sensitivity analysis there were no degrees of freedom available to estimate the error, so the pooled error technique was used. An asterisk indicates each of the factors used for the pooled error calculation. The calculated F values for factors IV and II are greater than 19, indicating that the effects of these two factors are significantly larger than the error of the additive model.
The dominant factor is clearly structural heat loss. The difference between level 1 and level 2, corresponding to the difference between no structural heat loss and radiation to the initial temperature with an emittance of 0.5, reduces TPS mass by 0.377 lb m /ft 2 , a 9 American Institute of Aeronautics and Astronautics change of about 24% of the mean value. TPS sizing is very sensitive to structural heat loss.
The other important factor is the initial temperature. The biggest change for this factor occurs between levels 2 and 3, initial temperatures of 60ºF and 120ºF. For this change the TPS mass is increased by 0.189 lb m /ft 2 (12% of mean). The difference between the initial and limit temperatures for the structure is approximately proportional to the heat storage capacity available in the structure. Specifying a high initial temperature for TPS sizing calculations may result in significant increases in TPS thickness and mass, particularly if there is a large percentage change in the difference between the initial and limit structural temperatures. The other two factors have a much smaller effect. As discussed previously, the ambient conditions after landing have no effect on any of the cases with structural heat loss. However, there are some small changes in TPS thickness and mass due to variations in the ambient conditions.
For systems with little structural heat capacity and minimal structural heat loss, this factor may be more important and merit further investigation.
The three methods of applying aerodynamic heating produced negligible variations in TPS thickness or mass. However, if the surface temperature of the TPS is expected to vary from the surface temperature assumed during the aerodynamic heating calculation (due to a change in the surface emittance or heat conduction into the TPS panel), the convective loading should be used.
Statistical Sensitivity Analysis of Key Design Issues
There is a considerable amount of design flexibility for metallic TPS. Metals can be made into very thin foils, and there are many fabrication and joining techniques available so that a wide variety of massefficient configurations can be fabricated. Because internal insulation does not have to carry any mechanical loads, a wide variety of insulations can be considered. For some design issues, changes that will improve thermal performance are obvious --lower thermal conductivity insulation and fewer heat shorts are better. However, the design issues that are most important are not always obvious. A number of design issues are identified and a statistical sensitivity analysis is used to assess their impact on sizing ARMOR TPS. The design issues are ranked according to their importance and design guidelines for metallic TPS are gleaned from the results.
Identification of Key Design Issues
The TPS mass and thickness required to maintain the temperature of the underlying structure below an acceptable limit are determined by a number of factors. The heat storage capacity of the underlying structure determines how much heat can be allowed through the TPS and the thermal performance of the TPS panel determines the thickness and mass of the TPS required to avoid overheating the structure.
The heat capacity of the structure is determined by its mass, its specific heat capacity, and by the difference between the initial temperature and the maximum allowable temperature. The thermal conductivity of the structure may also play a role in determining how much heat can be stored in the structure. A high-thermalconductivity structural material will tend to distribute heat evenly into all the available material and fully use its heat storage capacity.
Thermal stresses and deformations will also tend to be reduced by uniform temperatures. A low thermal conductivity material may not distribute the heat evenly throughout the structure so that high temperatures near a heat short may size the TPS and the structural material may not use all of its available heat storage capability. For a stiffened structure, a low thermal conductivity material may not distribute heat into the stiffeners so the heat storage capacity of the structure is not fully used.
The thermal performance of a metallic TPS panel depends on a number of factors. The most obvious is the insulation. The insulation occupies the majority of the volume of the TPS panel and its sole purpose is to limit the heat reaching the underlying structure. The insulations used in previous metallic TPS designs have been high temperature, low-density fibrous insulations. These insulations are available in a variety of forms and densities. Generally, lower density insulations have higher thermal conductivities because they have fewer fibers to inhibit radiation heat transfer. Insulations 10 American Institute of Aeronautics and Astronautics with multiple reflective layers offer the potential for significantly reduced thermal conductivities by using thin, reflective layers to inhibit radiation, however they are currently expensive.
There are a number of necessary heat shorts in the ARMOR TPS concept. Foil sides are required to encapsulate the insulation.
Support brackets are required at the corners of the panel to hold the panel together and transfer loads from the exterior surface to the internal attachments. Access tubes are required to reach the fasteners connecting the bottom of the TPS panel to the underlying structure. Of course, thermal performance of the TPS will be improved by minimizing these heat shorts, but their significance compared to other parameters in the TPS design is not known.
Radiation is an important mode of heat transfer into and through the TPS panel. The emittance of the outer surface of the TPS panel plays an important role in determining the surface temperature and aerodynamic heating. Also, heat transfer across the gap under the TPS panel consists of gas conduction and radiation. Radiation in gaps between panels can be very important, as discussed earlier, but it is assumed to be eliminated by the ARMOR TPS design. The importance of the emittance of the inner surface of the TPS panel and the outer surface of the structure is not known. If radiation across this gap is important, the surfaces could be coated to achieve the desired emittances.
Statistical Sensitivity Analysis A statistical sensitivity analysis was performed to understand the impact of a number of design factors on metallic TPS sizing. The purpose of this analysis is to determine the relative importance of the design factors and to estimate the reductions in TPS mass and thickness that might be achievable with improved designs.
The statistical sensitivity analysis followed a similar approach to that used for modeling issues. Design factors and levels were identified. A standard orthogonal matrix was used to define the required finite element analyses. The same finite element thermal model of the ARMOR TPS panel was used to analyze each case identified, with minor modifications to accommodate some of the chosen design factors. An analysis of means (ANOM) and an analysis of variance (ANOVA) were used to evaluate the results and rank the factors in order of importance.
Factor Definition Specific factors were identified to address the design issues previously discussed. The 13 selected design factors, each with three levels, are shown in Table 5 . These factors address structural heat capacity, insulation performance, heat shorts and emittances.
Two factors were defined to address the effect of structural heat capacity: structural mass and structural material. Typical vehicle design procedure is first to size the structure to carry the required mechanical loads, using mechanical properties reduced to account for elevated temperatures. The TPS designer is then given the task of sizing the TPS to limit that structure to an acceptable temperature. The required thickness and mass of the TPS are dependent on the configuration of the structure, the material thermal properties and the mass of the structure. For this study, only a uniform thickness structural skin was considered. The two factors were selected to separate the effects of structural mass from the effects of the thermal properties of the structural material. Three structural materials were selected with widely varying thermal properties: a berylliumaluminum alloy (AM162), aluminum, and graphite/epoxy composite. Their thermal properties are listed and compared in Reference 1. The two metals both have high thermal conductivities. However, the 11 American Institute of Aeronautics and Astronautics graphite/epoxy composite has thermal conductivities almost 2 orders of magnitude lower than these two metals. The through-the-thickness conductivity is about a third of the in-plane thermal conductivity for the composite.
A comparison of the heat capacities of the three structural materials is shown in Figure 6 . The heat capacities shown in the graph were generated by integrating the specific heat capacities of each material between the initial temperature of 60ºF and the maximum temperature for that material from Table 5 . These maximum temperatures are not firmly established values, because it is difficult to define precisely the criteria for setting the limit. The limit usually involves a design decision related to the degradation of structural properties with increasing temperature. The limiting temperature for the Be-Al alloy was chosen to be 450ºF because it retains good structural properties at that temperature. This material may be useable at even higher temperatures once its structural properties at elevated temperatures are better known.
The limiting temperature selected for aluminum was 350ºF, because that temperature limit was used to design the structure of the Space Shuttle Orbiter. Structural temperature limits ranging between 250ºF and 300ºF have been used for graphite/epoxy structures, so the higher value of 300ºF was chosen for the present study. Figure 6 shows that, even with a 50ºF difference in temperature limit, the aluminum has only 10% more heat capacity than the graphite/epoxy. However, the beryllium-aluminum has 2.5 times the heat capacity of aluminum.
The three structural masses chosen for the study are shown in Table 5 , along with the corresponding thickness for each of the structural materials. The heaviest mass is comparable to the aluminum skin on the Space Shuttle Orbiter, and the lowest mass is representative of some of the lightweight composite skins on the X-37 flight-test vehicle.
Two other factors were chosen to investigate the effect of adding heat capacity to the system. Beryllium has excellent heat capacity. Therefore, a thin layer of beryllium heat sink was added to the thermal model. One factor defines the mass of the heat sink per unit area, and the other factor defines the location of the beryllium. The beryllium was located either on the outer surface of the structure, the bottom of the insulation (inner surface of the TPS panel) or on the top of the insulation (inner facesheet of the honeycomb sandwich).
Three different factors were used to determine the effect of varying insulation properties: insulation density, a reduction factor on thermal conductivity, and the ratio of in-plane to through-the-thickness thermal conductivity. Three different densities (listed in Table  5 ) of Saffil ® alumina insulation, representative of the range of fibrous insulation densities proposed for use in metallic TPS, were considered. The thermal properties are listed in Reference 1.
Multi-layer insulations have the potential to reduce the effective thermal conductivity to less than half that of Saffil ® alumina at elevated temperatures. 4 An accurate representation of the thermal response of the multilayer insulation could not readily be incorporated into the finite element thermal model used in this study. A simple reduction factor on the thermal conductivity of the Saffil ® alumina (values of 1.0, 0.75 and 0.50) was used to estimate the potential benefits to be gained from improved insulation performance. Multilayer insulations have multiple reflective layers that inhibit radiation through the thickness of the insulation. However, they do not inhibit in-plane radiation, and they provide an in-plane solid conduction path. The inplane conductivities of these multilayer insulations have not yet been measured or predicted. For this study, values of 1, 2, and 5 were used for the ratio of in plane to through-the-thickness thermal conductivity. Three different factors were used to investigate the effect of metal conduction heat shorts on TPS performance: the combined cross-sectional area of a support bracket and fastener access tube, the crosssectional area of a titanium fastener, and thickness of the foil sides of the TPS panel. The middle level shown in Table 5 for each of these factors corresponds to the approximate value for the ARMOR TPS. The values are doubled for level 3 of all three factors. Level one represents eliminating the bracket, access tube, fastener, and the sides of the TPS panel.
The surface emittance is varied over the range encountered for TPS materials.
As previously discussed, the convective heating boundary condition 12 American Institute of Aeronautics and Astronautics allows the surface temperature to vary and adjusts the applied heating accordingly. A more accurate solution would require recalculating convection coefficients and recovery enthalpies for each emittance of interest. However, for this study only the heating histories in Figure 1 , calculated for an emittance of 0.86, were available. Therefore, the effect of surface emittance was modeled using convective boundary condition and heat transfer coefficients and recovery temperatures.
Two additional factors were defined that affected the heat transfer across the gap under the TPS panel: the emittances in the gap and the thickness of the strip of felt under the perimeter of the panel. The emittances of the inner surface of the TPS panel and outer surface of the structure were varied over the widest anticipated range. The thickness of the felt, which is also the width of the gap under the panel, was varied over a plausible range about the value used for the improved metallic TPS concept.
Orthogonal Matrix Analysis
The next step in the statistical sensitivity analysis was to choose a standard orthogonal array to define the finite element cases to be run. The standard L 27 orthogonal array, 11 shown in Table 6 , fits exactly the 13 factors with three levels each defined in Table 5 . Twenty seven finite element analyses were performed with the combination of factor levels defined in Table  6 . The TPS sizing finite element model described previously was used to perform the analyses defined in Table 6 . The model was modified by adding a line of one-dimensional conduction elements to represent a thin layer of beryllium at the location specified by factor K in Table 5 and the mass defined by factor A of Table 5 . An initial temperature of 60ºF was used, and no heat loss was assumed on the inner surface of the structure. An ambient temperature of 60ºF with a 10-mph wind was assumed after landing. And, as previously stated, a convective heating boundary condition was used with heat transfer coefficients and recovery temperatures derived in Reference 1. The results of the 27 TPS sizing analyses are shown in Table 7 . For each finite element TPS sizing analysis defined by Table 6 a number of results are shown. The TPS thickness was calculated by adding the insulation thickness from the sizing analysis to the thickness of the outer Inconel honeycomb sandwich and the thickness of the strip of felt under the perimeter of the panel. The TPS mass per unit area was calculated from the insulation thickness from the sizing analysis and the mass properties of ARMOR TPS. The maximum structural temperature, the time when it occurred and the location where it occurred are listed. In all but one case, the maximum structural temperature occurred either under the center of the TPS panel or at the edge of the model under the panel-to-panel gap. In one case the maximum structural temperature occurred between these locations, nearer to the panel edge.
The maximum structural temperature and the time when it occurred are also shown for the structure under the center of the panel. Finally, the maximum surface temperature at the center of the TPS panel is shown for each TPS sizing analysis.
A wide range of TPS thicknesses and masses are predicted. TPS concepts may need to be modified somewhat for some of the more extreme variations to carry required loads. The most obvious change would be varying the cross-sectional area of the support bracket with changes in insulation thickness. Because the bracket cross-sectional area is already one of the factors being varied, this design change is already included. For analysis number 3, the height of the lower titanium frame had to be reduced from 0.5 in. to 0.3 in. to complete the sizing analysis. The insulation was sized to be 0.46 in. thick.
These minor modifications to the TPS design should have a minimal effect on the results.
The maximum structural temperatures give an indication of the convergence tolerance used in the sizing analysis. The maximum structural temperature corresponds closely to the specified limit temperature for the structural material used in each analysis, so it is obvious which structural material was used (graphite/epoxy -300ºF, aluminum -350ºF, berylliumaluminum -450ºF). For all 27 analyses the maximum temperature was within 0.4ºF of the specified structural limit temperature. In a number of cases, the maximum temperature occurred before landing at 2600 seconds. For every case where the maximum structural temperature occurred before landing, the structural material was beryllium-aluminum. The other two structural materials always reached their maximum temperature after landing.
The location of the maximum structural temperature provides information about the interaction between the TPS and the underlying structure. The aluminum structure always reaches its maximum temperature under the center of the panel, indicating that the heat shorts at the perimeter of the panel do not size the TPS panel. For the composite substructure, the maximum structural temperature always occurs at the edge of the panel indicating that the heat shorts at the perimeter of the panel size the TPS panel. There is a significant difference between the maximum structural temperature and the maximum structural temperature at the center of the panel and between the times at which they occurred for several analyses with the composite structure. This indicates that the low thermal conductivity of the composite material did not allow all of the heat capacity of the material to be used, because much of the structure did not reach its maximum temperature. The variable thickness two-dimensional thermal model used in this analysis distributes all heat shorts uniformly around the perimeter of the panel, so the heat short problem may be more severe than predicted. The local heat shorts at the TPS panel corners, due to the fastener, support bracket and fastener access tube, may cause a more severe, localized hot spot in a structural material with thermal conductivities as low as the composite material used in the current study. A three-dimensional model is required to predict the effects of the localized heat shorts in the composite substructure adequately. If the local hot spots are severe, the TPS concept may need to be modified to reduce the localized heat shorts or a structural material with higher thermal conductivity may be used.
For the analyses in Table 7 with a berylliumaluminum structure, some of the maximum structural temperatures occur under the center of the TPS panel, some at the edge, and one in between. However, for cases where the maximum structural temperature occurs away from the center, the maximum temperature at the panel center is very close to the maximum structural temperature and the times at which they occur are not far apart. Heat shorts, therefore do not play a significant role in sizing TPS for a beryllium-aluminum structure. The variable thickness two-dimensional thermal model is adequate for analyzing metallic TPS on either of the two high-thermal-conductivity metal structures. Table 8 summarizes the results of an ANOM and an ANOVA for the TPS thicknesses. The four most important factors involve the structure and the insulation. Insulation density is the most important factor, and the table shows that using lower density insulations results in thicker TPS, as expected. Using the lower density 1. The structural material has nearly as large an effect on the TPS thickness as the insulation density.
The extra heat capacity of the beryllium-aluminum accounts for most of the variation. The difference between the TPS thickness required for the aluminum structure (Level 2) and for the beryllium-aluminum structure (Level 1) is 1.43 in. (47% of the mean thickness). The difference between the results for aluminum (Level 2) and graphite/epoxy (Level 3) of 0.56 in. (19% of mean thickness) is partly due to the 10% difference in heat capacities and partly due to the heat shorts discussed earlier.
The mass of the structure to be protected by the TPS also has a significant effect on required TPS thickness because it defines the amount of material available to store the heat passing through the TPS. The TPS thickness required for 0.75 lb m /ft 2 of structure (Level 3) is 1.01 in. (33% of mean thickness) greater than that required for 1.25 lb m /ft 2 of structure (Level 2). The lighter structures require a greater TPS thickness.
Surface emittance has a significantly smaller effect on TPS thickness than the four factors discussed previously. However, the results show that there is a much bigger change in going from a surface emittance of 0.8 (Level 2) to 0.6 (Level 3) than in going from 1.0 (Level 1) to 0.8 (Level 2). This trend is consistent with the trend observed for the maximum surface temperatures.
One of the reasons the felt thickness affects the total thickness of the TPS is that the panel sits on top of the felt strip, so the felt thickness is added to the TPS panel thickness to get the total TPS thickness. The observed variations are greater than the variations in felt thickness, so there are also some associated variations in heat transfer through the TPS.
The thickness of the TPS panel sides has the greatest effect of any of the factors related to heat shorts because it represents the largest variation in crosssectional area for metal conduction. The other heat shorts have a negligible effect. The remaining factors have small effects on the TPS thickness. Table 9 Results of an ANOM and an ANOVA of TPS masses calculated for TPS design factors. Table 9 presents the results of an ANOM and an ANOVA for the TPS masses. Factors related to the structure and insulation dominate the variations in TPS mass. The structural material has the largest effect on TPS mass variations.
TPS Mass
The beryllium-aluminum structure (Level 1) requires 0.42 lb m /ft 2 (25% of mean mass) less TPS than the aluminum structure (Level 2) and 0.71 lb m /ft 2 (34% of mean mass) less TPS than the graphite/epoxy structure (Level 3). The much higher heat capacity of the beryllium-aluminum (see Figure 6 ) accounts for most of the reduced TPS mass. However, the low thermal conductivity of the graphite/epoxy resulted in the TPS being sized for heat shorts and accounts for much of the difference between the results for aluminum and graphite/epoxy.
The structural mass also has a significant effect on the mass of TPS required. Thinner, lighter structural skins are good, but they require more TPS mass to protect them from aerodynamic heating. This principle can be illustrated with the values in 2 savings in structural mass will be lost to increased TPS. Clearly the TPS and structure should be designed concurrently.
The insulation properties also have a significant effect on the required TPS mass. The most important insulation property is the insulation conductivity. Cutting the insulation conductivity in half (difference between Levels 1 and 3) reduces the TPS mass by 0.38 lb m /ft 2 (22% of mean mass). Such a reduction can be achieved readily with multilayer insulations. Lower density insulations reduce TPS mass; however, they also increase TPS thickness. This factor most directly illustrates the trade-off between TPS thickness and mass. The penalty associated with TPS thickness must come from a study of the effect of TPS thickness on vehicle packaging efficiency and overall performance. A minimum mass TPS may not provide the best overall vehicle performance. Thinner, slightly heavier TPS may be optimum.
Surface emittance has a much smaller effect on TPS mass than factors related to the structure and insulation just discussed. There is little change in required TPS mass for a change in emittance from 1.0 (Level 1) to 0.8 (Level 2). However, a change in surface emittance from 0.8 (Level 2) to 0.6 (Level 3) produces an increase in TPS mass of 0.23 lb m /ft 2 (14% of mean mass). Because of increased TPS mass and thickness and because of increased maximum surface temperatures, emittances below 0.8 should be avoided.
Two factors associated with heat shorts have a small effect on TPS mass. The thickness of the foil sides has a larger effect on the TPS mass than the bracket and tube area. Not only do the sides provide a larger metal conduction path, the thicker sides weigh more than the brackets and tubes.
The in-plane thermal conductivity of the insulation has a small effect on the TPS mass, but it is unclear why increased lateral thermal conductivity would decrease the mass of TPS required. The remaining factors contribute very little to the variation in required TPS mass.
Conclusions
A number of clear conclusions with far-reaching implications became apparent from the results of these studies. The most important of these are:
• TPS sizing is very sensitive to structural heat loss. There is potential to save significant TPS mass if the actual heat loss can be modeled.
• TPS sizing is sensitive to the initial temperature of a vehicle structure and TPS prior to atmospheric reentry.
For calculating the required mass and thickness of TPS, the initial temperature should be determined with care.
• Gaps between TPS panels are significant heat shorts. If gaps exist, the heat transfer must be modeled accurately to get the correct TPS performance. They should be eliminated by design if possible.
• The TPS and structure need to be designed concurrently for mass efficiency.
• The thermal properties of the structure can have a great effect on the TPS required.
• The heat capacity of the structural material, which includes both the specific heat and temperature limit, should be as high as possible. A beryllium-aluminum alloy required significantly less TPS than the other two structural materials studied.
• A structural material with low thermal conductivity, such as the graphite/epoxy composite in this study, can be very sensitive to local heat shorts. A three-dimensional thermal model may be required to address the issue adequately.
• The heat shorts in the improved metallic TPS panel had little effect on TPS performance for the high-thermal-conductivity metal structures studied.
• TPS mass may be reduced significantly by reducing the thermal conductivity of insulations.
